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SYNOPSIS
　　This　paper　describes　a　new　measurement　method　and　principle　of　power　line　interference
elimination　in　ECG　signal　using　inverse　loop　and　AC　power　line　configuration　（APC）．　First，　we
considered　that　magneti　c　induction　effect　not　only　depend　on　a　conductive　l　oop　area　that　formed
by　shielded　wires　that　connect　the　object　and　amplifier　but　also　effect　of　body　area　effective
must　be　considered．　lt　is　simple　and　usefu1　because　interference　can　be　eliminated　to　very　small
value　though　in　worst　condition　and　it　can　be　applied　in　a　real　ECG　signal　recording．　Second，
results　s‘how　that　the　contribution　of　displacement　currents　into　the　object　especially　APC　in
vertical　configuration　is　smaller　than　it　in　other　one．　Because　this　method　is　so　easy　that　it　is
convenient　to　be　used　to　understand　some　aspects　of　power　line　interference　elimination　phe－
nomenon，　Hence　we　expeCt　that　this　method　can　be　used　as　one　of　improvement　method　in
measurement　system　of　ECG　signal　recording．
INTRODUCTION
　　Power　line　interference　may　corrupt　biopotential　signals　and　it　is　common　problem　during　the　measurement　bio－
potential　signals　such　．as　the　ECG，　This　cause　of　different．　ways　that　interference　could　enter　to　the　system　such　as
magnetic　induction，　displacement　currents　into　the　electrode　leads，　displacement　currents　into　the　body　and　non　ideal　of
biopotential　amplifier，　The　analysis　of　interference　is　complicated　by　the　fact　that　not　all　sources　will　produce　notice一・
’able　interference　in　all　situations．　Huhta　and　Webster　explained　that　power　line　interference　by　electromagnetic　induc－
tion　can　be　eliminated　to　very　low　value　by　making　a　conductive　loop　area　as　small　as　possible　that　formed　by　two
leads　that　connect　the　obj　ect　and　amplifier　［1］．　Then，　some　general　techniques　to　reduce　this　interference　had　ever　been
described　by　some　authors　such　as：　differential　amplifier；　driven　right　leg；　isolation　and　grounding；　analog　filtering；
digital創tering；and　composition．
　　in　this　work，　we　propose　a　new　measurement　method　to　eliminate　of　this　interference　by　using　inverse　loop　and　AC
power　line　corifiguration　（APC）［10］．　This　idea　originates　from　the　following　reasons：　First，　previous　method　have　been
considered　that　interference　c．an　be　eliminated　to　very　low　value　by　making　a　conductive　loop　area　as　small　as　possible
that　formed　by　two　leads　that　connect　the　object　and　amplifier，　however　we　assumed　that　interference　not　only　depend
on　a　conductive　loop　area　but　also　an　effective　obj　ect　area．　Second，　ifinterference　can　not　be　eliminated　to　very　low
value　although　the　leads　are　twisted，　so　this　problem　can　be　overcomed　by　using　inverse　ioop　method．　And　finally，　we
suPposed　that　displacement　currents，　ldl　and　ld2　，　which　is　coupled　by　couplihg　capacitors　through　the　two　of　electrode
leads　system　and　the　body　can　not　be　the　same，　this　reason　is　the　electrode　leads　can　not　be　closed　together　completely
and　often　leaving　a　few　centimeters　of　unshielded　leads．　Thus，　by　these　method　we　expect　that　the　power　line　interfer－
ence　can　be　rejected　from　ECG　signals　as　small　as　possible，
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2．　GENERATION　OF　POWER　LINE　INTERFERENCE　AND　GENERAL　VIEW　OF　INTERFERENCE　RE－
DUCTION　TECHNIQUE
2．1　Generation　of　Power　Line　lnterference
　　Huhta　and　Webster　analyzed　the　problem　of　power　line　interference　by　separating　it　into　two　independent　categories：
magnetic　and　electric．　First，　a　changing　magnetic　field　B　produced　by　power　line　can　induce　in　any　near　by　conductive
loop　an　electromotive　force　（EMF），　which　results　in　an　AC　potential’［1］．　ln　other　word，　the　magnetic　field　passes
through　the　loop．　which　formed　by　two　electrode　lead　and　induces　voltage　into　the　circuit．　This　voltage　is　proportional　to
the　strength　of　the　magnetic　field．　Thus，　solution　ofthis　problem　are　to　minimize　the・　loop　of　electrode　leads　area　as　small
as’垂盾唐唐奄b撃?C　keep　it　close　together　and　parallel．　Second，　the　electric　field　E　can　enter　the　electrode　leads　and　the　body．
The　capacitive　coupling　induces　displacement　current　from　the　Power　line　into　the　electrode　leads，　then　it　fiows　through
the　skin　impedance　and　the　resulting　voltage　drop　causes　60　Hz　interference　within　the　amplifier　sensing　loop．　One
solution　of　this　problem　is　to　abrade　the’　skin　to　reduce　skin　impedance　to　lesis　than　5　k　n　and　another　solution　is　to　shield
the　leads　as　far　as　possible　［2］．
2．2 General　View　of　Power　Line　lnterference　Reduction　Technique
2．2．1　Differential　amplifier
　　In　order　to　rej　ect　power　line　interference　due　tQ　extemal　signals　and　also　dUe　to　the　injected　current　，　and　to　・prevent
loading　effects　that　would　result　in　nonlinearity，　a　differential　amplifier　is　required　for　biosignal　measurement　［3］．　Dif－
ferential　’奄獅垂浮煤@amplifier　are　commonly　used　in　the　measurement　of　biopotential　signal．　This　is　because　their　ability　to
reject　power　line　interference　and　other　common－mode　signals　which　follows　from　their　high　common　mode　rejection
ratio（CMRR）　［4］［5］．
2．2．2　Driyen　right　left
　　　　　Power　line　interference　can　be　also　produced　by　the　skin－electrode　impedance　unbalance．　This　impedance　unbal－
ance　converts　the　common　mode　voltage　to　differential　voltage，　which　result　in　interference．　This　interference　can　be
reduced　by　using　the　driven－right－leg　（DRL）　［1］．　By　this　reason　that　in　many　ECq　systems　the　patient　is　not　grounded　at
all．　lnstead，　the　right－leg　electrode　is　connected　to　the　output　of　an　auxiliary　op－amp．　This　DRL　is　also　valuable　in　terms
of　elecuical　safety　because　the　current　feed　back　never　exceeds　the　current　already　flowing　in　the　patient　due　to　capaci－
tive　coupling　of　the　power　line　，　and　current　is　typically　less　than　1　pt　A　under　normal　operating　conditions　［6］．
2．2．3　lsblation　and　Grounding
　　　　　Wood　et．al　［6］　have　been　analyzed　clearly　about　the　effect　of　isolatipn　and　ground　in　eliminating　ofpower　line
interference　using　four　common　recording　configurations．　They　proposed　that　the　degree　of　magnetic　induction　and
levels．ofdispla．cement　currents　induced　into　the　electrode　leads　and　the　body　may　affect　in！erference　levels　on　the
biopotential　signal　significantly　and　isolation　also　reduces　levels　of　interference．
2．2．4　Analog　filtering
　　　　　Electrical　interference　from　local　60　Hz　power　line　can　corrupt　biopotential　signals　such　as　the　ECG．　Low　pass
filter　with　cutoff　frequencies　below　60　Hz　can　remove　this　type　of　interference．　However　considerably　reduce　the
bandwidth　of　the　signal　and　ECG　waveform　would　be　distorted　［7］．　’
2．2．5　Digital　filtering
　　Some　biopotential　instrumentation　often　use　60　Hz　notch　filters　to　remove　a　portibn　of　the　hamionic　n．oise　waveform，
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but　this　filter　can　remove　or　distort　frequency　component　in　the　bandwidth　ofinterest．　To　overcome　this　problem，　digital
創ters　based　on　a　60　Hz　sinusoid　can　be　used　to　reta｛n　the　sigfial　bandwidth　but　do　not　remove　the　upper　harmonics
present　in　soiT．i．e　i．nterference　w．　aveforrr．　）“s　［7］．　Another　filter　can　be　a－1．g．o　used　as　ncise　ca．nce11atio．　n．．　is　adaptive　filtering．
The　adaptive　filter　essentially　minimizes　the　mean－squared　error　between　a　primary　input，　which　is　．the　noisy　ECG，　and
a　reference　input，　which　is　either　noise　that　is　correlated　in　some　way　with　the　noise　in　the　primary　input．　The　most
significant　feature　of　this　filter　is　that　it　allows　estimation　of　spectral　properties　of　the　signal　and　noise　［8］．
2．2．6　Cemposition
　　In　experimental　simations，　noise　and　anifact　results　in　inaccurate　detection　of　the　QRS　complex．　ln　this　case，　wavelet
analysis　may　prove　to　be　helpfu1　in　removal　ofelectrical　interference　from　ECG　signal．　A　more　challenging　application
would　be　in　distinguishing　artifact　from　signal．　Since　wavelet　analysis　naturally　decomposes　the　signals　at　different
scales　at　well－localized　times，　the　anifactual　events　can　be　localized　and　eliminated　［91．
3．　CONVENTIONAL　METHOD　OBTAINING　INTERFERENCE　FREE　SIGNAL
3．1　Principle　of　Determining　of　lnterference　Elimination
　　　　　A　general　equation　for　power－line　interference　in　ECG　system　using　three　electrodes　with　the　subject　grounded　is
as　follows，
Vn　＝　2－fSB　＋　（ldlZe　l　一　ld2Ze2）　＋　／bZt
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　　　　B
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Jdl，　／d2
　　　Vcm
　　Zcm
Zel）　Ze2
frequency　of　power－line
area　of　loop
magnetic　flux　density
common－mode　rej　ection　ratio
displacement　current　cQupled　into　obj　ect
displacement　current　coupled　into　input　leads
common－mode　body　potential　with　respect　to　ground
AC　power－line　interference
amplifier　common－mode　input　impedance
skin－electrode　impedance
intemal　body　impedances　between　electrpde．
　　Then，　Webster　and　Huhta　［3］　comment　that　not　all　sources　of　power－line　interference　wili　produce　noticeable
interference　an　a11　situation，　that　means　are二（a）interference　from　magnetic　induction　can　be　minimize　by　tWisting　of
the　electrode　leads；　（b）　displacement　currents　of　the　two　lead　are　supposed　equal，　ldl＝ld2＝Jd，and　skin－electrode
impedance　unbalance　（Zel一　Ze2）　can　be　reduced　to　a　few　kilo－ohms　by　abrading　the　electrodes　sites；　（c）　interference
from　displacement　currents　through　the　body　tissue　is　neglected　because　the　intemal　body　impedances　is　very　small；　（d）
interference　by　common－mode　body　potential　with　respect　to　ground　is　partly　on　the　common－mode　input　impedance　of
the　isolation　amplifier　can　be　negligibie．　However，　in　a　practical　system，　the　electrode　leads　are　can　not　closed　together
completely　and　often　leaving　a　few　centimeters　ofunshielded　leads．　Thus，　the　displacement　currents　in　this　condition
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may　be　larger　than　expected．　Based　on　this　corument，　we　described　another　method　to　reduced　interference　by　magnetic
induction　and　displacement　eurrents　effect　using　inverse　toop　so　that　the・electrode　leads　without　twisting　and　the
displacement　effbct　AC　power　line　con丘guration（APC），　respectively．　In　this　case　we　supposed　that勉1　is　not　equal　with
Id2　and　．　by　this　method，　eqn．　1　can　be　simplified　to
Vn＝2π浴B
　　　　器謝臨
＋　（ld　lZel一　ld2Ze2）
曾臨溜鑑d，
（2）．
3．2　Construction　and　Design
　　　　　Fig．　1　shows　a　general　block　diagram　ofmeasurement　of　interference　elimination　using　inverse　loop　and　APC．　We
adppted，　for　recording　of　interference　signals，　Lead　1　configuratipn　using　Ag－AgCl　electrodes　（skin　surface　electrode，
Nihon　Kohden　Co．　Ltd．，　Japan），　unpolarized　and　10　mm　in　diameter．　The　electrode　paste　used　was　a　cre4m　（gelaid
electrode　paste，　Nihon’Kohden　Co，　Ltd．，　Japan）．　And　bioamplifier　specification　that　is　used　in　this　work　is　as　in
Table　1　［11］．　lnverse　loop　and　APC　method　are　considered　in　detail　in　next　section　as　folloWs．
power－line　（100　Vf60　Hz）
shielded
lead
dc’powersupply
object
digital
recorder
bio’≠高垂撃奄?奄? isolation
ampl｛fiet
unshielded　lead
ac　powersupply
Fig．　1　A　general　block　diagram　ofmeasurement　system．
TABLE　1Bioamplifier　specification
一　CMRR　（dB　at　60　Hz）
一　total　gain
一　input　noise　（pt　Vpp）
一　cutoff　frequency　（Hz）
一　time　conStant　（msec）
99
500
　6
113
15
3．2．1　lnverse・loop
　　　　　An　inverseLloop　is　a　loop　formed　by　half－turn　of　the　leads　and　thi．s　area　then　is　called　as　SIL．　This　inverse　loop
area　SIL　must　be　made　in　guch　away　that　its　area　is’　about　the　sarnewith　each　area　in　the　volume　conductor　S’o．　This
inverse　loop　is　proportional　to　its　orientation，　therefore　both　S’潤@and　SIL ar a　must e　parallel　to　floor　and　ceiling　during
recording　be　done．　ln　the，practical　case，　S’潤@in　the　volume　conductor・of　the　body　that　is　formed　by　the　two　main
・lect・・d・・it・d・n　th・・ki・・th・・Sb　i・call・d・・e撫孟ve　a・ea・A・d　SL　is　sm・ll・・ea　th・t　it　f・　rm・d　b・twee・b・dy・u・face
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and　the　electrode　leads．　This　inverse　loop　area　SIL　must　be・about　the　same　with　（S’o　＋　SL）　during　measurement　being
done　as　shown　in　Fig．　2　and　Fig．　3　shows　this　measurement　system　for　real　ECG　signal　recording．
objectelectrode
／／／／，／s’olil’ SL
B
SIL
wlre
to　bioamplifier
　　　　　　　　　　　　　　　　　　　　　B　　　　　　B
　　　　　　　　　　　　　　　　　B　＝　peak－to－peak　magnitude　of　magnetic　field
Fig．　2　lnduced　potential　into　object　and　conductive　loop　using　inverse　loop　method．
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Fig．3　Measurement　system　for　ECG　signal　recording　using　inverse　loop　method
3．2．2　AC　power　line　configuration
　　　　　AC　power－line　configuration　（APC）　is　a　simple　circuit　model　that　it　used　as　a　new　source　point　ofpower－line
interference．　The　purpose　of　this　model　is　to　make　a　dominant　effect　of　interference　sources　because　the　sources　of
power－line　interference　came　from　many　sources　including　lighting　apparatuss，　AC　wiring　and　outlets，　and　other　equipment
operating　nearby　［3］．
　　　　　In　this　work，　we　conducted　two　configuration　of　APC，　namely：　APC　is　moved　in　horizontal　and　vertical　position　to
object．　And　for　safety　reason　distance　between　object　and　APC　is　50　cm．　Fig．　4　shows　the　measurement　system　for　real
ECG　signal　recording　using　this　method．
power　line　IOO　V／60　Hz
x＝50　cm
一t　ii　■　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　■　■　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　■　コ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ロΨIb　　 ldlΨ
　コ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　コ
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　
‡Cb　　Cd　1’
?
?
短?
?
??
APC
．
???
十
g
bieamplifier
Fig．　4　Measurement　system　for　ECG　sigpal　recording　using　APC　method．
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3．3　Reslllts
　　　　　We　proposed　three　methods　for　recording　of　ECG　signals　which　were　recorded　based　on　inverse　loop，　APC　and
combination　of　inverse　loop　and　APC　method．　By　these　method　we　get　two　types　of　signals，　namely　：　（a）　ECG＋　big
interference　and　（b）　ECG　＋　very　small　interfererice．　Results　are　shown　in　Fig．　5，　Fig．　6　and　Fig．　7，　respectively．　And
in　order　to　analyze　interference　in　ECG　signal　recording，　we　made　FFT　analysis　with　a　4　ms　sampling　interyal　and　8192
sampling　points　as　shown　in　Fig　8．
4．　DISCUSSIONS
　　　　　We　have　described　the　performance　of　inverse　loop　in　eliminating　of・interference　to　very　low　value　in　effective
object　of　volume　conductor　of　the　body　as　it　is　mentioned　previously，　This　value　is　about　the　same　with　bioamplifier
noise　（6　nc　V）．　Thus，　we’propose　that　interference　for　this　model　is　nearly　zero，　This　case　can　be　achieved　if　effectiVe
obj　ect　and　inverse　loop　area　can　be　matched　so　that　both　the’area　are　the　same，　This　condition　can　be　assumed　that
induced　potential　into　S’潤@and　Su．　area　cancel　each　other．　Then，　we　have　conducted　that　if　inverse　loop　area　SIL　is
turned　more　than　half　turn，　the　interference　will　increase　instantly．　Yet，　the　inverse－loop　position　is　very　sensitive　to　its
orientation．　To　overcome　this　characteristic，　orientation　of　inverse－loop　must　be　always　parallel　to　floor　and　ceiling
during　measurement　being　done，　Based　on　this　result，　we　propose　that　this　method　is　applicable　to　eliminate　of　interfer－
ence　in　biopotential　signal　recording　such　as　ECG，
　　　　　The　phenomenon　of　power－line　interference　on　the　obj　ect　using　the　APC　can　be　explained　as　follows：　（a）　Power－
line　interference　depends　some　factors　such　as，　distance　of　theAPC，　length　of　unshielded　leads；　（b）　There　are　contrasts
value　of　this　interference　on　the　obj　ect　between　horizontal　and　venical　position　of　the　APC，　these　values　in　vertical
position　are　smaller　than　the　others．　This　case　can　be　assumed　that　disPlacement　currents　are　symmetry　from　the　APC’s
position　into　leads；　（c）　rlThe　powet－line　interference　considered　by　using　eqn，　2　and　the　experiment　results　show　that
interference　is　nearly　zero　if　the　APC　is　ip　vertical－position；　（d）　Based　on　this　experiment，　it　was　known　that　there　are
some　reductions　of　power－line　interference．
6．　CONCLUSIONS
　　　　　This　paper　describes　a　new　principle　and　measurement　method　of　power　line　interference　elimination　in　ECG
signal　using　inverse　loop　and　AC　power　line　configuratiori　（APC）．　There　is　strong　relationship　between　using　this　inverse
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Fig．　5　ECG　signal　recording：　（a）　without　using　inverse　loop；　（b）　by　using　invetse　loop．
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Fig．　8　FFT　analysis　of　ECG　signal　recording：　（a）　without　using　combination　of　inverse　loop　andAPC；　（b）　by　using
　　　　　　combination　of　inverse　loop　and　APC．
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loop　and　AC　power　line　configurati　on　（APC）　method　in　eliminating　of　interference，　Based’On　this　work，　we　expect　that
this　method　can　be　used　aS　one　of　improvement　method　in　measurement　system　of　ECG　signai　recording．
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